Abstract: Peri-implantation and midgestational fetal losses reduce potential litter sizes up to 40% in commercial swine. Peri-implantation studies [gestation days (gd)15-23] of porcine RNA from laser capture microdissected uterine lymphocytes and biopsies of mesometrial endometrium and trophoblast previously linked gd21-23 fetal arrest with transcriptional deficits in vascular endothelial growth factor (VEGF) and its regulatory factor, hypoxia inducible factor (HIF)-1␣, and with elevations in IFN-␥ and TNF-␣ and suggested endometrial lymphocytes played a pivotal, proangiogenic role in fetal survival. Here, we address more comprehensively porcine endometrial angiogenesis by comparing transcription between endometrial endothelium and lymphocytes during early (gd20) and midgestation (gd50) losses and by incorporation of histopathology and protein immunolocalization of VEGF, placenta growth factor (PlGF), VEGF receptor I (VEGFRI), and VEGFRII. In healthy sites, endometrial lymphocytes transcribed more VEGF at gd50 than gd20, and transcripts were more abundant in lymphocytes than in endothelium or trophoblast. Arterial endothelial cells showed the most abundant transcription of PlGF. With fetal arrest, maternal transcripts for VEGF but not PlGF dropped, and fetal transcripts remained relatively stable. Maternal and fetal HIF-1␣ transcription declined. Lymphocytes preferentially transcribed VEGFRI over VEGFRII, and endometrial arterial endothelium and trophoblast preferentially transcribed VEGFRII. IFN-␥ and TNF-␣ transcripts were present in gd20 and gd50 healthy-and arresting-implantation sites. gd20 arrest was associated with greater transcription of IFN-␥ than TNF-␣ in maternal and fetal tissues. At gd50, this was reversed. Endometrial, vascular pathology was evident only at gd50. These data suggest the critical importance for lymphocyte-driven endometrial angiogenesis, which extends to midgestation. J. Leukoc. Biol. 82: 877-886; 2007.
INTRODUCTION
Twenty percent to 30% of genetically normal conceptuses are lost in early [gestation days (gd) [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] pregnancy in pigs, a species using epitheliochorial placentation. A further 10 -15% of fetuses are lost between gd50 and gd70 of 114-day term pregnancies [1] [2] [3] . Identification and selective breeding for genes regulating uterine capacity and placental efficiency have not improved litter sizes significantly [4] , nor have improved rations or vitamin supplements [5] .
In all mammals studied, including pigs, maternal endometrium becomes transiently enriched in lymphocytes, particularly NK cells [6 -10] , early in gestation. Uterine (u)NK cells have been best studied in species with invasive, hemochorial placentation [7, 8] . In these species, uNK cells are recruited during endometrial decidualization, expand during early gestation, and decline in numbers from midgestation [11] . In mice, uNK cells trigger pregnancy-induced structural enlargement of maternal uterine arteries by mechanisms, which include IFN-␥ production [12] . In mice and humans, uNK cells synthesize hypoxia-inducible factor 1-␣ (HIF-1␣)-regulated vascular endothelial growth factor (VEGF) and its related protein placenta growth factor (PlGF) [13] [14] [15] [16] , a splice variant in the VEGF family, which binds with high affinity to VEGF receptor I (VEGFRI) and serves a decoy function by releasing VEGF from this receptor [17] . PlGF does not bind to VEGFRII [17] .
Porcine endometrium does not decidualize during pregnancy [1] [2] [3] [4] [5] [6] , and uNK cell recruitment is triggered by an attachment (implantation) of noninvasive conceptuses between gd12 and gd15 [6, 10] . In pigs, uNK cells are detected first at gd12 [6] and endometrial angiogenesis onsets, ϳgd15 [18, 19] . Compared with trophoblast, porcine endometrial lymphocytes transcribe relatively high levels of VEGF and HIF-1␣ between gd15 and gd23 [20] in healthy but not arresting, conceptusattachment sites. During this interval, porcine trophoblast produces IFN-␦ and -␥ [21] , which function during blastocyst attachment and in initiation of endometrial angiogenesis [22] . Little is known about porcine uNK cells after gd35.
The first aim of this investigation was to determine the proangiogeneic potential of midgestation (gd50) porcine uterine lymphocytes and to quantify differences in the potential for lymphocyte-promoted angiogenesis between gd20 and gd50 and between healthy and arresting implantation sites. Transcription of VEGF, HIF-1␣, PlGF, and VEGFRI and -RII was analyzed. Transcript levels in lymphocytes were compared with those in laser capture-microdissected (LCM) endometrial arterial endothelium, endometrial biopsies, and trophoblasts to assess the relative importance of lymphocyte-mediated promotion of implantation-site angiogenesis. Immunohistochemistry was used to verify and localize gene translation.
Our second aim was to evaluate relative transcription of proinflammatory cytokines. Elevated IFN-␥ and TNF-␣ are associated with negative pregnancy outcomes [23] . In spontaneously aborting women, an IFN-␥/TNF-␣ synergy is thought to activate procoagulants in endothelial cells, reducing blood flow to implantation sites and promoting embryonic or fetal arrest and subsequent death [24] . We reported previously localized increases in transcription of IFN-␥, TNF-␣, IL-1␤, and IL-1R in porcine endometrial biopsies collected from gd23 arresting-attachment sites [25] . To understand the cell types involved in this response and whether endometrial responses in midgestation failure are similar to those in peri-implantation failure, IFN-␥ and TNF-␣ transcripts were quantified at gd20 and gd50 in endometrial biopsies, lymphocytes, and arterial endothelium and in trophoblast collected from healthy-and arresting-attachment sites. Angiogenic and proinflammatory cytokine gene expression patterns differed by gestation length, cell type, and conceptus health status. Extremely localized differences occurred in lymphocytes associating with adjacentarresting versus healthy-attachment sites. These data support the hypothesis that endometrium actively contributes to loss of fetal viability and that endometrial lymphocyte-promoted angiogenesis contributes to fetal health to at least midgestation.
MATERIALS AND METHODS

Animals and tissue collection
Specific pathogen-free Yorkshire gilts (first pregnancy pigs, nϭ12) were housed at the Arkell Swine Research Station of University of Guelph (Canada). Eight gilts were bred for gd20 and gd50 studies, and four gilts were studied as virgin controls under approved animal use protocols. For timed pregnancy, estrous gilts were bred twice, naturally or by artificial insemination. gd was designated from the first mating. Reproductive tracts from nonmated gilts at diestrus stage or time-mated gilts were collected at the University of Guelph abattoir postslaughter and transported immediately on ice to the laboratory. Uteri were opened longitudinally on the antimesometrial side. For nonpregnant (NP) uteri, endometrial biopsies were collected from random mesometrial (side of uterine artery entry) sites. At gd20 or gd50, healthy and arresting littermates were identified based on disparities in vascularity, length, or weight. Conceptuses enclosed in membranes were removed one at a time and placed into labeled, sterile petri dishes. The endometrial biopsies for that conceptus were collected (ϳ30 mg) before the next conceptus was removed. Samples were collected from an individual attachment site and not pooled. Trophoblast was dissected, and at gd50, each fetus in each litter was weighed and measured.
Molecular and histological analyses were conducted independently on three healthy and three arresting conceptuses from each gilt at gd20 and gd50. When possible, these three paired samples per gilt were chosen as adjacent littermates. Samples were placed into 600 l lysis buffer or into embedding medium (Cryomatrix, ThermoShandon, Pittsburgh, PA, USA) for cryosectioning and LCM or 4% paraformaldehyde for routine histopathology or immunohistology.
RNA isolation from conceptus-attachment sites and trophoblasts
Tissues were disrupted using Kontes pestles (Fisher Scientific, Ottawa, ON, Canada), and total RNA was extracted using Qiagen's RNeasy mini kit (Qiagen, Mississauga, ON, Canada). The cleared tissue lysate was mixed with 700 l 70% ethanol and loaded on an RNeasy mini column and centrifuged at 8000 g for 30 s. After washing the column with wash buffer, RNA was eluted using 50 l nuclease-free water by centrifugation at 8000 g for 1 min. After assessing the concentration and purity, RNA was frozen at -80°C until required.
LCM, RNA purification, and amplification
Snap-frozen endometrial biopsies were cut as 7 m-thick sections (CM3050S, Leica, Richmond Hill, ON, Canada), mounted onto positively charged slides (Superfrost/Plus, Fisher Scientific), and stained using a modified, rapid H&E protocol described previously [25] to identify endometrial lymphocytes and endothelium. All solutions, including the stains, were supplemented with 0.5 unit/l RNase inhibitor (Promega, Madison, WI, USA). After air-drying (5 min), individual endometrial lymphocytes or endothelial cells were dissected onto high-sensitivity LCM caps using laser pulse settings of 55 mW for 0.7 ms at 7.5 m (Pix Cell IIe, Arcturus Engineering, Mountain View, CA, USA). Five hundred captured endometrial lymphocytes or endothelial cells were pooled for each sample. RNA was extracted using Picopure RNA isolation kit (Arcturus Engineering) as per the manufacturer's instructions. The cell extract was purified using an RNA purification column. The RNA was eluted in 11 l nuclease-free water and stored at -80°C. RNA amplification was carried out as described previously [25, 26] using the MessageAmp II antisense (a)RNA kit (Ambion, Austin, TX, USA) as per the manufacturer's instructions. cDNA was synthesized and eluted in 20 l nuclease-free water and was used for in vitro transcription to synthesize aRNA as per kit instructions. The amplified aRNA was eluted in 100 l nuclease-free water and stored at -80°C.
cDNA synthesis, cloning, and sequencing Total RNA from the endometrial biopsies and trophoblast and aRNA from the LCM-isolated endometrial lymphocytes and endothelium were reverse-transcribed using the First Strand cDNA synthesis kit (Amersham, Bioscience, Piscataway, NJ, USA) as per the manufacturer's instructions. The resulting cDNA was stored at -20°C. PCR-amplified products of VEGF, PlGF, VEGFRI, VEGFRII, HIF-1␣, IFN-␥, and TNF-␣ were cloned using the topoisomerase-TA cloning kit (Invitrogen Life Technologies, Burlington, ON, Canada) as per the manufacturer's instructions. Plasmid DNA was purified using Genelute plasmid DNA purification kit (Sigma-Aldrich, St. Louis, MO, USA). Sequencing was performed at the Laboratory Services Division, University of Guelph. The resultant sequences were analyzed by the BLASTN portal of the National Center for Biotechnology Information and were deposited to GenBank ( Table 1) .
Quantitative real-time PCR
Real-time PCR (LightCycler, Roche Diagnostics, Laval, QC, Canada) was used to quantify expression of target genes relative to ␤-actin. Primers, TNF-␣ AY572787 designed using the Primer 3 software program (http://frodo.wi.mit.edu/ cgi-bin/primer3/primer3_www.cgi), are given in Table 2 . Quantitect SYBR Green I PCR mix kit (Qiagen) was used for the quantification of gene expression. LightCycler reactions were performed in 20 l total reaction volume as per the manufacturer's instructions. Gel-purified PCR products (Promega) and/or plasmid DNA (Invitrogen Life Technologies) with specific inserts were quantified and diluted serially to generate standard curves for each gene. The standard LightCycler program for each gene was followed as described previously [25] [26] [27] . Data were quantified using RelQuant LightCycler analysis software. The ratio between the target gene and ␤-actin was indicated as relative mRNA expression.
Histochemistry and immunohistochemistry
Paraffin-embedded endometrial sections were cut at 5 m and deparaffinized in graded alcohol and xylene solutions. Acid-orcein-giemsa was used for the detection of elastin and Masson's trichrome for collagen using standard histology protocols. For immunostaining, endogenous peroxidase was blocked using 0.2% hydrogen peroxide in methanol (20 min), followed by blocking of nonspecific binding using 2% BSA for 1 h at room temperature. Sections were incubated overnight at 4°C with the cross-reactive mouse or rabbit antihuman primary VEGF, PlGF, VEGFRI, and VEGFRII antibodies (Abcam, Cambridge, MA, USA) at a titrated dilution of 1:1000. Sections were then rinsed and incubated with secondary goat anti-mouse IgG or goat anti-rabbit IgG (Southern Biotech, Birmingham, AL, USA) at 1:500 dilutions for 30 min at room temperature and revealed using NovaRED for 10 min (Vector Laboratories, Inc. Burlington, ON, Canada).
Negative controls used isotype-matched primary antibodies. Sections were counterstained with hematoxylin before mounting with coverslips, viewing, and photographing using a Leica photomicroscope. Multiple tissue sections collected from four gilts at each gd time-point were used for each histological assay.
Statistical analysis
Statistical analyses were performed by the nonparametric Friedman test using SAS software (SAS 8.2, SAS Institute, Cary, NC, USA) for comparison among groups. Variances between attachment sites within the animals or between animals were handled by sum of ranks using the nonparametric Friedman test. Post hoc analysis for planned comparisons between different paired groups was done using the Wilcoxon signed rank test. A value of P Ͻ 0.05 was considered significant.
RESULTS
Characterization of healthy and arresting porcine littermate-attachment sites
Healthy and arresting conceptuses were distinguished visually ( Fig. 1, A and B) . At gd20, no significant histological differences were found between healthy and arresting littermateattachment sites. At gd50, endometrial glands and vessels differed between sites containing arresting versus healthy conceptuses. Endometrial glands were larger and elongated in healthy-attachment sites compared with arresting, conceptusattachment sites. Arteries associated with healthy-attachment sites were dilated and had relatively thin walls composed of uniformly distributed elastin fibers. In contrast, the larger arteries in failing attachment sites had thickened walls, and the lumens were almost occluded. Walls of many of these arteries had fragmented elastin fibers, and others appeared to lack elastin (Fig. 1C) . Compared with healthy implantation sites, arteries supporting arresting sites displayed excessive perivascular collagen, which contributed to lumen stenosis.
Expression of VEGF in endometrial biopsies, lymphocytes, endothelium, and trophoblasts
In endometrial biopsies associated with healthy conceptuses, VEGF expression was equally elevated at gd20 and gd50 compared with its expression in NP mesometrial tissue ( Fig.  2A) . In endometrial biospies from arresting sites, fewer transcripts were present than in endometrium from healthy sites [gd20 (PϽ0.001); gd50 (PϽ0.01)] and did not exceed levels in NP uterus. VEGF transcripts in endometrial lymphocytes associated with gd50-healthy conceptuses were significantly higher than in lymphocytes from gd20-healthy sites or NP uterus. Endometrial lymphocytes from arresting, conceptusattachment sites had significantly fewer (PϽ0.001) gdmatched VEGF transcripts than lymphocytes from healthy virgin or gestational endometrium. In healthy sites, endometrial lymphocytes had greater VEGF transcription than equivalent numbers of endothelial cells or trophoblasts from the same attachment site. In comparison with endometrial endothelial cells from NP uteri, gd20 and gd50 endothelial cells associated with healthy and arresting conceptuses had elevated VEGF transcription. Less VEGF mRNA (PϽ0.05) was present in endothelial cells from arresting compared with healthy gd-matched sites. Trophoblast VEGF transcription was stable under the four conditions studied, i.e., in healthy and arresting sites at gd20 and gd50.
Expression of PlGF in endometrial biopsies, lymphocytes, endothelium, and trophoblasts Endometrial transcription of PlGF was not elevated above that in the virgin uterus in gd20-healthy sites. Endometrium from gd20-arresting sites expressed significantly less PlGF (PϽ0.05) than either. PlGF transcription was elevated significantly at gd50, but there was no significant difference in PlGF transcription between healthy and arresting sites (Fig. 2B) . Endometrial lymphocytes from all pregnant uteri had elevated PlGF transcription compared with lymphocytes from virgin uteri. Lymphocyte transcription at gd50 was significantly greater than at gd20 in cells from healthy and arresting sites. At gd20, lymphocytes associated with arresting, conceptusattachment sites had significantly greater (PϽ0.05) PlGF transcription than lymphocytes from healthy sites, but the difference was not significant at gd50.
PlGF expression in endothelial cells from all pregnant uteri was greater than from NP uteri. In healthy-attachment sites, endothelium was the most abundant site of PlGF transcription with equivalent expression at gd20 and gd50. Endothelial cells from arresting sites had less PlGF transcription than cells from gd-matched, healthy sites [gd20 (PϽ0.01); gd50 (PϽ0.05)]. PlGF transcription also occurred in trophoblast. At gd20, no significant difference was found between trophoblast from healthy and arresting littermates. At gd50, trophoblast from arresting sites had fewer PlGF transcripts than trophoblast from healthy sites (PϽ0.05).
Expression of VEGFRI in endometrial biopsies, lymphocytes, endothelium, and trophoblasts VEGFRI transcription was equally elevated in gd20 and gd50 endometrial biopsies from healthy sites compared with biopsies from NP uteri. VEGFRI expression was lower in endometrium associated with arresting conceptuses at gd20 and gd50 in comparison with biopsies from healthy sites (PϽ0.01; Fig.  3A) . VEGFR1 transcription was elevated in endometrial lymphocytes from pregnant compared with NP uteri and was higher in lymphocytes from healthy versus arresting sites at gd20 (PϽ0.05) and gd50 (PϽ0.01). Endometrial lymphocytes expressed significantly more VEGFRI than endothelium or trophoblasts.
VEGFRI transcription in endothelial cells from healthy (gd20 or gd50) or gd20-arresting sites was greater than in endothelial cells from virgin uteri. Significantly less VEGFRI transcription was found in endothelium from gd50-arresting sites than in the other groups. VEGFRI expression in healthy and arresting trophoblast was equivalent at gd20-and lower in gd50-healthy trophoblast. This decline was not seen in trophoblast from arresting gd50 trophoblasts.
Expression of VEGFRII in endometrial biopsies, lymphocytes, endothelium, and trophoblasts
In endometrium biopsies from healthy-attachment sites, VEGFRII transcription was greater (PϽ0.05) at gd20 and gd50 than in virgin endometrial biopsies, and there was more transcript abundance at gd20. Endometrial transcription of VEGFRII in arresting sites was also high at gd20 but dropped ) significantly at gd50 (PϽ0.05 vs. gd50-healthy). VEGFRII transcription was elevated in endometrial lymphocytes by pregnancy. At gd20 VEGFRII, transcription was greater in lymphocytes from healthy versus arresting sites (PϽ0.05). There was no significant difference in VEGFRII expression between lymphocytes from gd50-healthy versus gd50-arresting sites (Fig. 3B) . Endometrial lymphocytes displayed greater transcription of VEGFRI than VEGFRII during successful and failing pregnancy, suggesting VEGFRI is the more dominant receptor used by porcine endometrial lymphocytes.
Transcription of VEGFRII in endothelial cells from NP uteri and gd20 from healthy sites was equal and greater than in endothelium from healthy gd50 sites (PϽ0.01). At gd50, VEGFRII expression was approximately fourfold greater in endothelial cells from healthy versus sites arresting (PϽ0.05), but at gd20, VEGFRII transcription was slightly higher in endothelium from arresting sites compared with healthy. The expressions of trophoblast of VEGFRII exceeded that measured in any maternal sample studied and were greater than its expression of VEGFRI. VEGFRII expression was equivalent in healthy gd20 and gd50 trophoblasts and significantly lower in gd-matched, arresting trophoblast [gd20 (PϽ0.001); gd50 (PϽ0.05)]. Preferential transcription of VEFGRII versus -RI by trophoblast suggests the responses of trophoblast to VEGF and PlGF would differ from the responses of colocalized, VEGFR1-dominant, maternal cells.
Localization of VEGF, PlGF, and VEGFRI and -RII in porcine implantation sites
Translated VEGF (Fig. 4) , PlGF (Fig. 5) , VEGFRI (Fig. 6) , and VEGFRII (Fig. 7) were detected in healthy and arresting gd20 and gd50 conceptus-attachment sites. VEGF was ex- Fig. 2 . Quantitative analysis of VEGF (A) and PlGF (B) transcription in endometrial tissue, endometrial lymphocytes (ENDO LY), endothelium, and trophoblasts obtained from the attachment sites of three healthy (H) and three arresting (A) conceptuses from each gilt at gd20 and gd50 (nϭ4/gd time-point). Gene expression is analyzed by RelQuant software (Roche Diagnostics) and is expressed as a normalized ratio with the housekeeping gene ␤-actin. VEGF was expressed abundantly in all of the endometrial microdomains associated with healthy conceptuses compared with their arresting counterparts (PϽ0.01). PlGF was expressed abundantly in endothelium compared with endometrial biopsies and endometrial lymphocytes, and lymphocytes associated with arresting, conceptus-attachment sites transcribed significantly more PlGF at gd20 and gd50 (PϽ0.001; B).
Fig. 3. Expression of VEGFRI (A) and VEGFRII (B)
in endometrial tissue, lymphocytes, endothelium, and trophoblasts associated with three healthy and three arresting conceptuses from each gilt at gd20 and gd50 (nϭ4/gd time-point). Endometrial lymphocytes transcribed more VEGFRI than trophoblasts, and trophoblasts had more abundant transcription of VEGFRII. Gene expression is relative to ␤-actin.
pressed by uterine luminal epithelium (Fig. 4, a, d , e, g, h), endometrial glands (Fig. 4, h and j) , vascular endothelium (Fig.  4b ), stromal cells (Fig. 4e) , and endometrial lymphocytes (Fig.  4, c and f) . Fetal trophoblasts were also VEGF-reactive (Fig.  4d) . Although quantitative assessment of differences in VEGF localization between healthy-and arresting-attachment sites was not possible, we observed greater intensity of VEGF expression in healthy compared with arresting sites (Fig. 4, i and j) .
PlGF was dispersed throughout attachment sites with strong expression in luminal epithelium (Fig. 5, a, d, g, h) , vascular endothelium (Fig. 5b) , endometrial glands (Fig. 5 , e and h-j), and trophoblast (Fig. 5d) . Endometrial lymphocytes were positive for PlGF at healthy-and arresting-attachment sites (Fig.  5, c and f) . PlGF staining was more intense in arresting compared with healthy sites. PlGF immunoreactivity was also more pronounced in gd20-healthy or -arresting sites than at gd50. VEGFRI and -RII staining was more intense in specimens from healthy sites. In addition to reactivity with luminal epithelium, endometrial glands (Fig. 6, b and f) , and endothelium (Fig. 6h) , VEGFRI had strong reactivity with endometrial lymphocytes (Fig. 6c) , and trophoblasts were weakly reactive (Fig. 6d) . VEGFRI staining was more intense in gd50-than in gd20-attachment sites. VEGFRII was expressed by luminal epithelium, endometrial lymphocytes, vascular endothelium (Fig. 7c) , and trophoblast. Endometrial glands were nonreactive for VEGFRII (Fig. 7i) . Expression of these proteins was not uniform in any attachment site.
Expression of HIF-1␣ in endometrial biopsies, endometrial lymphocytes, endothelium, and trophoblasts HIF-1␣ transcription was strongly induced in endometrium of attachment sites with healthy conceptuses (Fig. 8) . Endometrium associated with arresting conceptuses had fewer transcripts than gd-matched endometrium from healthy sites [gd20 (PϽ0.001); gd50 (PϽ0.005)]. HIF-1␣ expression in endometrial lymphocytes from healthy sites exceeded lymphocytes from virgin uterus or gd20-and gd50-arresting sites (PϽ0.05). and endometrial lymphocytes (c, f) . PlGF immunoreactivity was more intense in arresting sites. Original magnifications: a, e, g, h-j, ϫ100; b, ϫ400; d, ϫ200; c, f, ϫ1000.
Fig. 4.
Immunohistochemical localization of VEGF in the attachment sites associated with healthy and arresting conceptuses at gd20 and gd50. VEGF was expressed abundantly in the luminal epithelium (a, d, e, g, h, i), endometrial glands (h, j), vascular endothelium (b), and endometrial lymphocytes (c, f). VEGF was also expressed in the trophoblasts (d). Black, white, red, yellow, and green arrowheads represent uterine epithelium, uterine glands, endometrial lymphocytes, endometrial endothelium, and trophoblasts, respectively. *, Vessels. EN, Endothelium; SMC, smooth muscle cells; Tr, trophoblasts; LE, luminal epithelium; UG, uterine glands. Original magnifications: a, d, e, ϫ100; b, j, ϫ400; c, f, ϫ1000; g-i, ϫ200.
HIF-1␣ transcription in endothelial cells from virgin uteri was low but elevated by pregnancy. More HIF-1␣ transcripts were present in gd20 versus gd50 endothelium from healthy sites. A significant drop in HIF-1␣ transcripts occurred in endothelium associated with gd20-arresting sites compared with healthy (PϽ0.05). A significant gain in HIF-1␣ transcripts occurred in endothelium from gd50-arresting compared with healthy sites (PϽ0.05). HIF-1␣ transcription in trophoblasts from healthy sites was greater at gd50 than gd20 and dropped significantly at arresting sites [gd20 (PϽ0.05); gd50 (PϽ0.001)]. Only at gd50 were HIF-1␣ transcripts were more abundant in trophoblasts than in maternal lymphocytes from healthy sites.
Expression of IFN-␥ and TNF-␣ in endometrial biopsies, lymphocytes, endothelium, and trophoblasts Equivalent, low expression of IFN-␥ was found in endometrial biopsies from virgin and gd20-and gd50-healthy, conceptusattachment sites (Fig. 9A) . This level was also measured in endometrium from gd50-failing, conceptus-attachment sites. In contrast, significantly elevated IFN-␥ transcription was detected in endometrial biopsies from gd20-arresting sites (PϽ0.05). None of this elevation could be attributed to endothelium, which showed no IFN-␥ transcripts under any condition studied. Pregnancy elevated IFN-␥ transcription in endometrial lymphocytes above that seen in lymphocytes from virgin uteri. Similar levels were found at gd20 and gd50 in lymphocytes from healthy sites. Lymphocytes from gd20-arresting sites had significantly elevated IFN-␥ transcription. This elevation was not seen in lymphocytes from arresting gd50 sites. IFN-␥ transcription in healthy trophoblasts was much higher at gd20 than gd50 (PϽ0.001). In arresting sites, gd20 trophoblast transcribed more IFN-␥ than in healthy sites (PϽ0.01). No significant difference was found in trophoblast IFN-␥ transcription between healthy and arresting at gd50.
TNF-␣ transcripts were detected in all samples tested. Pregnant endometrium expressed more TNF-␣ than virgin endometrium. In biospies from healthy, conceptus-attachment sites, TNF-␣ transcription was greater at gd50 than gd20 (PϽ0.001; Fig. 9B ). TNF-␣ transcription in endometrium from arresting sites was not different from healthy sites at gd20 but was higher at gd50 (PϽ0.05). Endometrial lymphocytes from virgin uteri transcribed TNF-␣ at levels similar to those in lymphocytes from gd20-or gd50-healthy sites and gd20-arresting sites. Fig. 7 . VEGFRII was found in the attachment sites at gd20 and gd50. The pattern of VEGFRII expression was mostly similar to VEGRI with the exception of endometrial glands, which appeared negative for VEGFRII. Original magnifications, a, b, d, e-h, ϫ100; i, ϫ200; c, ϫ1000. Fig. 6 . VEGFRI was found in the attachment sites at gd20 and gd50. VEGFRI was localized predominantly in luminal epithelium, endothelium, endometrial glands, and stroma. Original magnifications: a, d, g, i, ϫ100; b, e, h, j, ϫ200; c, ϫ1000; f, ϫ400.
Elevated lymphocyte TNF-␣ transcription was only found in arresting gd50 sites (PϽ0.001). TNF-␣ transcription in endothelium was low in virgin uteri and in healthy sites. It was elevated significantly in endothelium from arresting, conceptus-attachment sites (PϽ0.01 at gd20 and gd50). Thus, in maternal and fetal tissue, elevated TNF-␣ transcription predominated during midgestation fetal arrest, and elevated IFN-␥ transcription dominated during gd20 arrest.
DISCUSSION
The goal of this study was to characterize the differences in potential maternal and fetal contributions to endometrial angiogenesis at well-characterized periods of fetal loss. A growing number of publications report angiogenic functions in transient, early pregnancy-associated endometrial lymphocytes. However, the relative contribution of lymphocytes to implantation-site angiogenesis is not known, nor is their behavior at midgestation or during the process of fetal arrest. North American breeds of commercial swine provide a strong model to address these questions because of their well-characterized periods of litter-size reduction at peri-attachment (implantation) and midgestation [1] [2] [3] [4] [5] . Both of these stages of fetal loss have been postulated to involve inadequate angiogenesis [1, 4] . Based on studies of RNA, we reported previously that during the trophoblast attachment/peri-implantation period, porcine endometrial lymphocytes are dominant angiogenic cells at the maternal fetal interface and that their angiogenic potential is lost from attachment sites, showing the very earliest, grossly recognizable features of fetal arrest [25] . The current study has addressed both waves of porcine fetal loss, expanded upon the VEGF signaling pathway by study of additional VEGF family members, and has temporally localized these gene products to specific cell types.
Porcine endometrial lymphocytes were shown to produce VEGF and PlGF, functions shared with uNK cells found in the decidualized endometria of humans [14 -16] and mice [13, 27] . Although a threefold enrichment of potentially angiogenic uNK cells occurs in peri-implantation porcine endometrial lymphocytes [6] , there are no data characterizing porcine endometrial lymphocyte subsets at gd50. A possible continuing role for uNK cell-promoted angiogenesis at gd50 can be postulated from the presence of such cells in women [11] and in mice up to midgestation [8] . As we captured total endometrial lymphocytes, VEGF and PlGF production cannot be attributed exclusively to uNK cells. At attachment and midgestation, lymphocytes transcribed more VEGF than endometrial endothelium or trophoblast, and they appeared to be a dominating angiogenic cell type within endometrium. In contrast, PlGF transcription was more abundant in endothelial cells. In humans, uNK cells Fig. 8 . Gene expression analysis of HIF-1␣ in endometrium, lymphocytes, endothelial cells, and trophoblasts obtained from the attachment sites of three healthy or three arresting conceptuses from each gilt at gd20 and gd50 (nϭ4/gd time-point). HIF-1␣ expression was significantly higher (PϽ0.01; PϽ0.05) in endometrium, lymphocytes, and endothelium from healthy, conceptus-attachment sites than from arresting, conceptus-attachment sites at gd20 and gd50. Transcription of HIF-1␣ in trophoblasts from healthy sites was greater (PϽ0.01; PϽ0.001) than in trophoblasts from arresting sites between gd20 and gd50. Gene expression is relative to ␤-actin. The expression of IFN-␥ in endometrium and trophoblasts from arresting sites was significantly higher (PϽ0.05) at gd20. (B) Expression of TNF-␣ in endometrial microdomains. The TNF-␣ transcription decreased in endometrium from healthy sites through gd20 and gd50, but its expression was elevated (PϽ0.05) in endometrium from arresting sites at gd50, compared with endometrium from healthy sites. In endometrial lymphocytes, endothelium, and trophoblasts from arresting, conceptus-attachment sites at gd50, elevated expression of TNF-␣ was found.
produce VEGF-C, a molecule promoting proliferation of lymphatic endothelium [14] . The porcine VEGF gene family has not been characterized sufficiently to provide reagents for extending this aspect of comparison. Pregnancy failure was associated with large declines in maternal transcription of VEGF, and trophoblast levels remained relatively constant. In contrast, maternal PlGF levels remained relatively high, particularly within lymphocytes at the failed implantation sites. This is the first report of PlGF transcription in porcine gestation.
As PlGF is a competitive antagonist for VEGF and has direct effects on cell proliferation and migration [28] , it is unclear whether the action of elevated PlGF in lymphocytes from failing sites would be indirect through elevation of bioavailable VEGF or is autocrine. In mice, PlGF has a role in the terminal maturation of uNK cells [27] . Thus, elevated PlGF may be a mechanism to enhance porcine lymphocyte maturation and production of VEGF. Up-regulation of PlGF has been associated with induction of inflammation and edema in pathologic angiogenesis [29] . Thus, at sites of arrest, elevated, lymphocyte-derived PlGF may represent initiation of a strong, inflammatory response. PlGF also activates mononuclear phagocytes, promoting production of proinflammatory cytochemokines [30] . Maintenance of PlGF in the face of declining VEGF may represent a lymphocyte-regulated switch mechanism to move from controlled angiogenesis to inflammation at sites of conceptus arrest and to contribute to recruitment of debris-removal cells such as neutrophils or macrophages. Endometrial lymphocytes not only produced angiogenic factors but also showed dynamic, gd-dependent changes in expression of VEGFRI and VEGFRII. This suggests that PlGF and VEGF will have autocrine actions on receptor-expressing endometrial lymphocytes. As VEGFRI was transcribed more abundantly by lymphocytes than VEGFRII, and trophoblast showed the reverse, VEGF may have greater effects on trophoblast than PlGF. Reduction in receptor gene expression in lymphocytes from gd20 and gd50 may indicate that adequate change to the endometrial vasculature has occurred by mid-pregnancy and that angiogenesis is in decline.
Endothelial cells are major components of uterine stroma. Endothelial cells respond to VEGF by proliferation and sprouting during growth of blood vessels [31] . We have proposed that maternal endothelial sprouts are targets of pathological immune attack in processes, which compromise fetal outcome [25] . To advance this hypothesis, transcription profiles from endometrial endothelial cells were analyzed. PlGF was transcribed far more highly by endometrial endothelial cells than VEGF in virgin and pregnant uteri. The much-lower transcription of VEGFRI than VEGFRII by endothelial cells could indicate that endothelial PlGF has no or limited autocrine activity. The overall pattern of endothelial cell transcription during fetal arrest did not suggest widespread destruction of this cell type but rather, loss of its ability to respond to VEGF-related signaling. The histopathology of failing implantation sites indicated that the significant changes occur in vessel walls rather than in endothelial cells. In mice, VEGF promotes synthesis of peri-vascular stromal cell-derived factor-1, a chemokine, which retains circulating, proangiogenic, myeloid cells and endothelial cell progenitors at sites of neoangiogenesis, as these cells egress from circulation [32] .
Porcine trophoblast transcribed VEGF and PlGF. These molecules could promote angiogenesis in the endometrium as well as within the placenta, as trophoblast expressed VEGFRI and VEGFRII. It is surprising that major differences were not found in transcription profiles for angiogenic genes in trophoblast from healthy and arresting conceptuses. This suggests the angiogenic compromise of porcine pregnancy is initiated by endometrium. Hypoxia provides a potent stimulus for VEGF production and is essential for development of maternal and placental vasculature in early human pregnancy [33, 34] . HIF-1␣, a prime regulator of oxygen homeostasis, binds to the hypoxia response element in the VEGF promoter [34, 35] and regulates peri-implantation angiogenesis in many species [36 -38] . The reduction of HIF-1␣ transcripts in endometrial biopsies, lymphocytes, and endothelium at arresting-attachment sites is directly proportional to the reduced VEGF at the failing sites [20, 25] .
Another major finding of this study is the dominance of different cytokines during gd20 versus gd50 fetal arrest. IFN-␥ and TNF-␣ were transcribed in endometria from virgin and from healthy conceptus sites and in trophoblast. With failure, endothelium greatly up-regulated transcription of TNF-␣ but never transcribed IFN-␥, which was dominant during early loss (gd20) in all other tissues, and TNF-␣ dominated during midgestational loss (gd50). This differential cytokine expression implies that the immune-mediated pathology participating in fetal loss differs at different stages of gestation. This might be a result of the normal, dynamic changes in composition of the endometrial leukocyte population, which occur at different stages of pregnancy [6 -11] , or to the recruitment and activation of newly immigrated immune effector cells.
Our study has not answered the questions about whether porcine embryo failure is maternally or fetally initiated or when heterogeneity for conceptus survival becomes established. Coincidence of endometrial lymphocyte-mediated compromises in angiogenesis and elevations in proinflammatory cytokine elevation with early stages of fetal arrest have been shown for the first time. These changes are highly localized to endometrial microdomains of the arresting fetuses and appear to be unique to lymphocytes quantitatively and dynamically. It will be important to establish whether this information is relevant to pregnancy loss in all mammals, but particularly in women.
